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Fungi interact closely with bacteria both on the surfaces of hyphae, and within their living 16 tissues (i.e., endohyphal bacteria, EHB). These EHB can be obligate or facultative 17 symbionts, and can mediate a diverse phenotypic traits in their hosts. Although EHB have 18 been observed in many major lineages of fungi, it remains unclear how widespread and 19
general these associations are, and whether there are unifying ecological and genomic 20
features found across all EHB strains. We cultured 11 bacterial strains after they emerged 21 from the hyphae of diverse Ascomycota that were isolated as foliar endophytes of 22 cupressaceous trees, and generated nearly complete genome sequences for all. Unlike the 23 genomes of largely obligate EHB, genomes of these facultative EHB resemble those of 24 closely related strains isolated from environmental sources. Although all analyzed 25
genomes encode structures that can be used to interact with eukaryotic hosts, we find no 26 known pathways that facilitate intimate EHB-fungal interactions in all strains. We isolated 27 two strains with nearly identical genomes from different classes of fungi, consistent with 28 previous suggestions of horizontal transfer of EHB across endophytic hosts. Because 29 bacteria are differentially present during the fungal life cycle, these genomes could shed 30 light on the mechanisms of plant growth promotion by fungal endophytes during the 31 symbiotic phase as well as degradation of plant material during saprotrophic and 32
reproductive phases. Given the capacity of EHB to influence fungal phenotypes, these 33
findings illuminate a new dimension of fungal biodiversity. 34
Introduction
All eukaryotes have evolved in the presence of bacteria, with diverse bacteria 43 adopting an endosymbiotic and intracellular habitat across the eukaryotic tree of life 44 (Sachs et al., 2011; Schulz & Horn, 2015) . Much like the diverse Metazoa that host rich 45 bacterial microbiomes, fungi interact closely with bacteria both on the surfaces of hyphae, 46 and within their living tissue (i.e., endofungal or endohyphal bacteria, EHB) ( generally small, such that size reductions may have occurred before evolution of the 79 endofungal lifestyle (Barre, 2004) . Alternatively, because the trend for genome reduction 80 in obligate symbionts is quite strong, genome size relative to outgroups may be used as a 81 proxy for mode of transmission. 82
In contrast to the genomes of previously studied, largely obligate EHB, here we 83 find that the sizes of genomes from facultative EHB resemble those of closely related 84 strains isolated from environmental sources. While these EHB strains all possess 85 structures that are capable of interacting with eukaryotic hosts, we do not find evidence 86 for a conserved pathway that mediates EHB-fungal interactions across all strains. We 87 consider these genome data to be informative regarding little-known aspects of the 
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GenBank (see Table 1 ), with sequencing and assembly reports listed on Figshare at the 138 following link: https://dx.doi.org/10.6084/m9.figshare.2759821.v1 139
Phylogenies were constructed using the RealPhy online server (Bertels et al., 2014) . Luteibacter sp. 9145. Briefly, sequences from these genomes were imported into Geneious 150 and aligned using the Mauve option with default parameters. SNPs and indels were 151 displayed as disagreements between these alignments, were visually inspected for proper 152 alignment, and were counted by hand. These relationships raise the intriguing possibility that some phytopathogens could 173 potentially "hide out" inside of endophytic fungi, an hypothesis to be addressed in future 174 experiments. In comparison, the Erwinia strain is placed outside of groups consisting of 175 previously well-characterized genomes. Furthermore, our data demonstrate that the 176
Burkholderia strain evaluated here is phylogenetically distinct from the two previously 177
characterized Burkholderia and Glomeribacter strains and is significantly diverged from 178 van Elsas, 2014). Our Rhizobium, Curtobacterium, and Massilia isolates are the first from 180 these clades to be found as EHB, although all are closely related to strains found 181 associated with plants and throughout the environment. It remains a possibility that many 182 different environmental bacteria can associate within fungal endophytes and therefore 183 transiently be categorized as EHB, and in this case any convergent phylogenetic signals 184 could represent sampling bias associated with our strains. For example, if signals of 185 convergence were instead due to biases, we predict that we would find a diverse array of 186
Pantoea and Erwinia species with more intense sampling of EHB from fungal populations. 187
However, we note that our previous categorization based solely on 16s rRNA across a 188 wider variety of fungal hosts also shows clustering of EHB strains into particular clades 189 rather than the presence of diverse sequences from throughout the Pantoea/Erwinia can shed light on whether these EHB strains are members of the same clonal group or are 206 just closely related isolates. We also note that it is possible that these strains represent 207 colonization events within the laboratory environment, but the probability of such 208 contamination is very low due to multiple measures employed to prevent and account for 209 such incidents (see Arendt et al., 2016) . 210
In the case of Luteibacter spp. 9143 and 9145, we found no verified SNPs that could 211 distinguish their genomes from one another. Although 18 regions differ at a single 212 nucleotide resolution between these two strains, all lie within homopolymer tracts and are 213 therefore likely the product of sequencing errors. Some of these potential errors alter 214 automatic annotation of the genomes and may account for many of the presumed 215 differences in protein content between the strains. Because these two strains were isolated 216 from highly divergent classes of Ascomycota (Dothideomycetes and Sordariomycetes, 217 respectively), the lack of nucleotide diversity suggests horizontal transfer of these strains 218 in nature. However, we also find that one 40,413bp region is present within Luteibacter sp. 219 9143 yet missing from the assembly of Luteibacter sp. 9145. This region encodes many 220 phage-associated genes, and therefore likely encodes a prophage. It remains to be seen 221 how the prophage affects the physiology of these strains. 222
However, we observe more diversity between Pantoea sp. 9140 and Pantoea sp. 9133 than 224 between the Luteibacter strains mentioned above: we find 21 SNPs across conserved 225 regions and alignable regions. Moreover, 10 of these SNPs appear to be true nucleotide 226 polymorphisms because they are not associated with repetitive nucleotide tracts. Pantoea 227 sp. 9140 contains additional sequences (11,970bp on one contig, 171,396bp on a separate 228 contig) that do not appear to be present in Pantoea sp. 9133. Taken together, comparison of 229 these strains further demonstrates that closely related bacteria can be found across 230 divergent fungi, consistent with the lack of strict-sense cocladogenesis observed with 231 natural hosts (see Hoffman & Arnold 2010; see also Arendt et al.,2016) . 232
Genomes of These Endohyphal Bacteria are Not Reduced 233
The genome sizes for many intracellular bacteria, including most known EHB, are 234 drastically smaller than those of closely related free-living species (e.g., Ghignone et al., 235 2011; Lackner et al., 2011) . Reductions in genome size are thought to be a product of 236 reduced selection pressures on deleterious mutations due to repeated population 237 bottlenecks, a deletion bias for bacterial genomes, and lack of selection to maintain 238 physiological pathways made redundant because they are encoded by the host (Delaye, 239 2015). It is also possible that genomes may be directly streamlined by natural selection as 240 a way to optimize metabolic efficiency (Grote et al., 2012) . As such, a reduction in genome 241 size compared to closely related bacteria speaks to ecological and evolutionary pressures 242 experienced by intracellular bacteria and can therefore illuminate the bacterial lifestyle. 243 for reduction of genome size associated with the EHB lifestyle (Fig. 2) . We also included 245 the genome of B. rhizoxinica and used the same comparisons to demonstrate the signal for 246 a known instance of genome reduction. In all but one case, genome sizes for our focal EHB 247 fall either within or just below the range of genome sizes for these outgroups. The one 248 strain that stands out, Rhizobium sp. 9140, possesses a genome 1Mb smaller than other 249 closely related bacteria. We therefore see little evidence that these EHB have generally 250 experienced widespread genome reduction. 251
The absence of genome reduction within these strains is consistent with laboratory 252 studies suggesting that they are gained and lost readily, that fungi are capable of major 253 metabolic activity in the absence of the bacteria, that the bacteria can be isolated on (Costa et al., 2015) . whereas only a subset of these have the genetic potential to create outer membrane 281 proteins associated with type II secretion. 282
The situation is more complicated in regards to "translocation" based systems. 283
Genomes of only two EHB (Erwinia sp. 9145 and Burkholderia sp. 9120) appear to encode 284 type III secretion systems, with the Burkholderia genome likely encoding two separate 285 systems. Type IV systems are found throughout many of these genomes, with Luteibacter 286 present within these strains and therefore that the type IV secretion systems are encoded 289 by the chromosome. In contrast, the genome sequence for the Rhizobium strain is split into 290 7 distinct contigs, which is expected because related strains contain multiple secondary 291
replicons. However, that both type IV systems are present on smaller plasmids suggests 292 that they encode a plasmid transfer system. 293
The type VI systems present across these genomes are the most complicated to 294 characterize. On one hand, all focal Luteibacter strains and the Erwinia strain appear to 295 encode one type VI system, whereas the Pantoea strains appear to encode two distinct 296 systems on the main chromosome. The Burkholderia strain appears to encode four separate 297 systems and 11 different VgrG proteins. Three of these systems are encoded by the main 298 chromosome, whereas one appears to be on a smaller contig (likely a plasmid or mini-299 chromosome). 300
Conclusions 301
Herein we report nearly complete genome sequences for a diverse suite of bacteria 302 found living inside fungal hyphae. Phylogenetic analyses suggest that these endohyphal 303 bacteria are distinct from previously described EHB, and that the endofungal lifestyle has 304 convergently and independently evolved over short time scales both across diverse 305 bacterial lineages, and in closely related taxa such as Pantoea and Erwinia. We evaluated 306 the presence/absence of structures known to be involved in interkingdom interactions 307 mediate interactions with fungi, no general mechanism appears to be conserved across 309
strains. 310
More broadly, these genome sequences provide insights into the ecology of these 311 facultative EHB. Compared to previously characterized genomes from EHB, these 312 sequences do not display dramatic size reductions compared to closely related strains 313 isolated from environmental sources other than fungi. Furthermore, we find that different 314 classes of fungi harbor very similar bacteria. Therefore, these genome sequences are 315 consistent with previous suggestions that these facultative EHB are horizontally 316 transmitted across diverse fungal hosts in nature (Hoffman & Arnold, 2010; see also 317 Arendt et al., 2016) . 318
Fungal endophytes, and the Ascomycota that they represent, are largely thought to 319 be hyperdiverse. Our results suggest that diverse bacteria have gained the apparati 320 needed to infect these ecologically and economically important fungi. Given the capacity 321 of EHB to influence fungal phenotypes, these findings illuminate a new dimension of 322 fungal biodiversity. along the X axis indicate KEGG pathway identifiers for constituent genes for each bacteria 358 secretion system with grouping by system denoted at the top. Green boxes indicate that at 359 least one gene within the genome is present and classified according to that specific KEGG 360 identifier. White numbers inside the green boxes denote that more than one gene within 361 that genome is classified according to that KEGG identifier. 
